Study Highlights {#cts12451-sec-0020}
================

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC? {#cts12451-sec-0030}
-------------------------------------------

✓ Two major genes involved in the metabolism of amitriptyline, *CYP2C19* and *CYP2D6*, are highly polymorphic and show interethnicity variability leading to different drug responses.

WHAT QUESTION DID THIS STUDY ADDRESS? {#cts12451-sec-0040}
-------------------------------------

✓ What are the consequences of the combinations of *CYP2C19* and *CYP2D6* polymorphism on the metabolism of amitriptyline? How do these genotypes affect the pharmacokinetics and pharmacodynamics of amitriptyline?

WHAT THIS STUDY ADDS TO OUR KNOWLEDGE? {#cts12451-sec-0050}
--------------------------------------

✓ The extent of *CYP2D6*‐mediated amitriptyline hydroxylation decreased significantly in the *CYP2D6\*10/\*10* group. The highest systemic exposure to amitriptyline was shown in the *CYP2C19* poor metabolizer group *(\*2/\*2, \*2/\*3, or \*3/\*3*). The dominant metabolic pathway of amitriptyline seemed to be *CYP2C19*‐mediated *N*‐demethylation rather than *CYP2D6*‐mediated hydroxylation.

HOW THIS MIGHT CHANGE CLINICAL PHARMACOLOGY OR TRANSLATIONAL SCIENCE {#cts12451-sec-0060}
--------------------------------------------------------------------

✓ The findings of this study reveal that genetic polymorphism of *CYP2C19* and *CYP2D6* should be considered for individualized drug treatment with amitriptyline. Furthermore, *CYP2C19* poor metabolizer should be given careful consideration due to a potentially high exposure to amitriptyline, which may cause an increased risk of anticholinergic side effects.

Amitriptyline is a tricyclic antidepressant (TCA) with sedative effects and has been used widely worldwide since it was developed in the 1960s.[1](#cts12451-bib-0001){ref-type="ref"} Its mechanism of action is not fully understood. However, it is believed to enhance the activity of neurotransmitters such as norepinephrine, serotonin, or dopamine by blocking their reuptake, but with weak influences on dopamine compared with serotonin.[2](#cts12451-bib-0002){ref-type="ref"} Amitriptyline is mainly metabolized by *CYP2C19 via N*‐demethylation into nortriptyline[3](#cts12451-bib-0003){ref-type="ref"} and amitriptyline and nortriptyline are further transformed to *(E)‐*10‐OH‐amitriptyline and *(E)*‐10‐OH‐nortriptyline, respectively, *via* hydroxylation by *CYP2D6* [4](#cts12451-bib-0004){ref-type="ref"} (**Figure** [1](#cts12451-fig-0001){ref-type="fig"}). Through hydroxylation, both the *(Z)* and *(E)* hydroxylated isomers and their enantiomers can be produced but the *CYP2D6*‐mediated hydroxylation leads to the (--)‐*(E)‐*hydroxyl form as the major product.[5](#cts12451-bib-0005){ref-type="ref"} Both amitriptyline and nortriptyline are active compounds and used in the treatment of depression, but amitriptyline, a tertiary amine, tends to have higher serotonergic effect than the secondary amine, nortriptyline, which gives greater noradrenergic activity.[6](#cts12451-bib-0006){ref-type="ref"} Another minor pathway transforms amitriptyline into the less active metabolite, *(E)‐*10‐OH‐amitriptyline by *CYP2D6*.[4](#cts12451-bib-0004){ref-type="ref"} The hydroxylated metabolites are less active than their respective parent drugs with approximately half the potency[7](#cts12451-bib-0007){ref-type="ref"} and are further glucuronidated forming water‐soluble substrates that are excreted in the urine.[8](#cts12451-bib-0008){ref-type="ref"} The pharmacogenetic effects on pharmacokinetics or pharmacodynamics of amitriptyline have not been widely studied compared with those of nortriptyline due to its complex pharmacology (e.g., amitriptyline is metabolized by various isozymes such as *CYP2C19* and *CYP2D6*, while nortriptyline is mainly metabolized by CYP2D6[9](#cts12451-bib-0009){ref-type="ref"}).

![Metabolic pathway of amitriptyline.](CTS-10-93-g001){#cts12451-fig-0001}

Amitriptyline has several side effects, such as blurred vision, dry mouth, and drowsiness, and cardiac side effect. High plasma concentrations of amitriptyline are associated with high risk of anticholinergic side effects due to the binding of TCAs to cholinergic receptors,[10](#cts12451-bib-0010){ref-type="ref"} and a higher risk of orthostatic hypotension and drowsiness than other TCAs due to its affinity for the α‐adrenergic receptors.[11](#cts12451-bib-0011){ref-type="ref"} The hydroxymetabolites of amitriptyline and nortriptyline have negligible anticholinergic side effects, as they have much less affinity for the muscarinic acetylcholine receptors than the parent compounds (e.g., 10‐hydroxy nortriptyline has only one‐eighteenth the affinity of nortriptyline[7](#cts12451-bib-0007){ref-type="ref"}). Although amitriptyline has been replaced by serotonin‐selective reuptake inhibitors due to its higher toxicity and lower tolerability, it is still used commonly used in migraine prevention, postherpetic pain, fibromyalgia, or diabetic peripheral neuropathies as well as the second line of treatment for depression.[8](#cts12451-bib-0008){ref-type="ref"}, [12](#cts12451-bib-0012){ref-type="ref"}

*CYP2D6* and *CYP2C19* are cytochrome P450 subfamily enzymes and reported as highly polymorphic.[13](#cts12451-bib-0013){ref-type="ref"}, [14](#cts12451-bib-0014){ref-type="ref"}, [15](#cts12451-bib-0015){ref-type="ref"} The frequencies of polymorphic variants of *CYP2D6* and *CYP2C19* occur to various extents among ethnic groups. For *CYP2D6*, the nonfunctional alleles represent 26% of the variability, primarily the *\*4* allele and less commonly the *\*5* allele in the European Caucasian population, while the median frequency of nonfunctional alleles in Asian is ∼6.4%, primarily *CYP2D6\*5*, while the *\*4* is extremely rare among this population.[16](#cts12451-bib-0016){ref-type="ref"}, [17](#cts12451-bib-0017){ref-type="ref"}, [18](#cts12451-bib-0018){ref-type="ref"}, [19](#cts12451-bib-0019){ref-type="ref"} Meanwhile, the decreased functional allele, *CYP2D6\*10*, is more frequently found in Asians with a comparatively higher frequency of about 42% (mean value) vs. 2.8% (mean value) reported in Caucasians.[6](#cts12451-bib-0006){ref-type="ref"} For *CYP2C19* in East Asians, the most distinct ethnicity‐oriented difference was found in the frequencies of nonfunctional alleles *\*2* and *\*3* and increased functional allele *\*17*. The frequency of *\*2* in Asians was reported to be more than twice that occurring in Caucasians or Africans (29% of East Asians, 12% of Americans, 15% of Europeans and Africans) and the *\*3* allele was comparatively commonly found in Asians with a frequency of 8.9% but found at less than 0.1% in Europeans or Americans. Meanwhile, the frequency of *\*17* in Asians is only 2.7%, which is much lower than other ethnicities (18% of Americans, 21% of Europeans, and 16% of Africans).[6](#cts12451-bib-0006){ref-type="ref"} Ethnic differences for *CYP2D6* and *CYP2C19* allele frequencies are highlighted in **Table** [1](#cts12451-tbl-0001){ref-type="table-wrap"}.

###### 

Highlights of ethnic differences on allele frequencies of major variants of *CYP2D6* and *CYP2C19*

               Frequency (%)[a](#cts12451-tbl1-note-0001){ref-type="fn"}  
  ----------- ----------------------------------------------------------- -------------------------------------------------
  *CYP2D6*                                                                
  *\*4*                                  0.45                              18[b](#cts12451-tbl1-note-0002){ref-type="fn"}
  *\*5*                                   5.8                              2.8[b](#cts12451-tbl1-note-0002){ref-type="fn"}
  *\*10*                                  42                               2.8[b](#cts12451-tbl1-note-0002){ref-type="fn"}
  *CYP2C19*                                                               
  *\*2*                                   29                               15[c](#cts12451-tbl1-note-0003){ref-type="fn"}
  *\*3*                                   8.9                              0.4[c](#cts12451-tbl1-note-0003){ref-type="fn"}
  *\*17*                                  2.7                              21[c](#cts12451-tbl1-note-0003){ref-type="fn"}

Data are extracted from the study by Hicks *et al*. (ref. [6](#cts12451-bib-0006){ref-type="ref"}).

Caucasian represents European and North American.

Caucasian represents European only.

John Wiley & Sons, Ltd.

This substantial difference in the allele frequencies of the drug‐metabolizing enzymes can lead to interindividual or interethnicity variability in drug response. Reduced efficacy or higher toxicity due to interindividual variability contributes to treatment failure or noncompliance. Approximately 62% of the depressive patients were reported to show no effective response to their treatment.[20](#cts12451-bib-0020){ref-type="ref"}, [21](#cts12451-bib-0021){ref-type="ref"}, [22](#cts12451-bib-0022){ref-type="ref"}

The Clinical Pharmacogenetics Implementation Consortium (CPIC) developed a gene--drug guideline regarding *CYP2D6* and *CYP2C19* genotypes and dosing of TCAs. The guideline suggests a 25% dose reduction for an intermediate metabolizer who carries one reduced functional and one nonfunctional allele (such as *CYP2D6\*4/\*41, \*5/\*9, \*4/\*10*) and a 50% reduction or consideration of another treatment for a poor metabolizer who carries two nonfunctional alleles (such as *\*4/\*4, \*3/\*4, \*5/\*5, \*5/\*6*). However, this guideline does not specifically provide a dosage for the *CYP2D6\*10/\*10* diplotype, which occurs at high frequency in East Asian populations. This study aimed to evaluate the effects of *CYP2D6* and *CYP2C19* polymorphism on the pharmacokinetics and pharmacodynamics of amitriptyline in Koreans, with a particular focus on *CYP2D6\*10/\*10* and *CYP2C19\*2/\*2, \*2/\*3, or \*3/\*3* alleles, which are relatively frequent in East Asian populations.

METHODS {#cts12451-sec-0070}
=======

Subjects {#cts12451-sec-0080}
--------

We recruited consecutive adult volunteers and performed genotyping and laboratory screening until at least six for each genotype group (as shown in **Supplementary Table 1**) were fulfilled. This study design was approved by the Institutional Review Boards (Asan Medical Center and National Institute of Food and Drug Safety) and was conducted in agreement with the principles of the Helsinki Declaration. The subjects were informed of the aims and design of the study and gave written consent. All subjects were healthy according to the laboratory screening and medical examination. The subjects were screened for their genotypes before enrollment into this study and allocated into four groups according to their *CYP2D6* and *CYP2C19* diplotypes. The intention for Groups I, II, and III was to compare the pharmacokinetic and pharmacodynamic variability of the drug caused mainly by *CYP2D6* variants under similar circumstances to the *CYP2C19* genotypes. Meanwhile, the intention for Group IV was to compare the differences between *CYP2C19* variants and other groups.

The subjects were randomized for double‐blinding in order to avoid bias either by subjects or investigators.

The inclusion criteria were 19--45 years old, healthy males with a body weight of not less than 60 kg. The exclusion criteria were current gastrointestinal disease state or having such history, drug or alcohol abuse, smoking or clinically relevant laboratory abnormalities, severe illness (e.g., cardiovascular disease, epilepsy, glaucoma), other relevant psychiatric disease (e.g., schizophrenia, bipolar disorder), or genetic disorder (e.g., galactose intolerance, Lapp lactase deficiency, glucose‐galactose absorption disorder).

Study design {#cts12451-sec-0090}
------------

The subjects and investigators were blinded to the subjects' genotypes until the end of this study. The subjects were hospitalized 2 days prior to administration of the drug and a baseline checkup for blood pressure and pulse rate was obtained over a period of 24 h 1 day prior so that these effects could be compared before and after drug administration. After the baseline checkup was taken, the subjects took a single oral dose of 25 mg of amitriptyline (Etravil, Dongwha Pharmaceuticals, Republic of Korea) with 200 mL of water the following morning. The subjects fasted for 10 h and drinking water was restricted 1 h prior to administration. Standardized meals and water were served after 4 h and 10 h for lunch and dinner, respectively. Water intake other than at meal times was strictly controlled up to 24 h after drug administration because anticholinergic assessment of a dry mouth could be affected by water intake. The subjects remained in the hospital for 2 days after administration and returned to the hospital for up to 5 days after, for remaining blood sampling and measurements.

Blood samples were collected at 0 (predose), 0.5, 1, 1.5, 2, 3, 4, 5, 6, 8, 10, 12, and 24 h after amitriptyline administration from all subjects. Blood samples (9 mL) were collected in a heparin‐treated tube in an icebox and centrifuged (at 4°C, 1,800 g for 8 min) within 45 min of the sampling. Each 1.2 mL of plasma was separated into an Eppendorf tube and stored frozen at --20°C until analyzed. All subjects were given a 100‐mm piece of white paper to record their self‐rating intensity of dry mouth and drowsiness. Also, blood pressure in a supine and vertical position and pulse rate were measured at the designated timepoint for pharmacodynamic evaluation.

Genotyping {#cts12451-sec-0100}
----------

For the genotyping of both *CYP2D6* and *CYP2C19*, DNA was extracted from the blood samples of each subject using a QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany). The *CYP2D6* gene was amplified by polymerase chain reaction (PCR) and processed further by the ABI PRISM SNaPshot Multiplex Kit (Applied Biosystems, Foster City, CA) to detect the *CYP2D6\*10* allele. Separately, gene deletion *(\*5*) and the presence of duplication of the *CYP2D6 genes* were analyzed by PCR as described by previous studies using a specific primer set.[43](#cts12451-bib-0043){ref-type="ref"}, [44](#cts12451-bib-0044){ref-type="ref"} The assessment of *CYP2C19\*2, \*3* and *\*17* variants was performed using the same procedure as described for *CYP2D6\*10* but with a different PCR primer and SNaPshot probe. The PCR primer and SNaPshot probe used in our study for the analysis of *CYP2D6* and *CYP2C19* is summarized in **Supplementary Table 2**.

Pharmacokinetic measurements {#cts12451-sec-0110}
----------------------------

The plasma concentrations of amitriptyline, nortriptyline, *(E)‐*10‐OH‐amitriptyline, *(E)‐*10‐OH‐nortriptyline were measured using liquid chromatography coupled to a tandem mass spectrometry (LC‐MS/MS) with a few modifications.[45](#cts12451-bib-0045){ref-type="ref"}, [46](#cts12451-bib-0046){ref-type="ref"}, [47](#cts12451-bib-0047){ref-type="ref"} Doxepin was used as an internal standard. The chromatographic separation was performed on a BEH C18 column (100 × 2.1 mm, 1.7 μm, Waters, Milford, MA) in an ultraperformance LC system (UPLC; Waters) with a mobile phase consisting of 10 mM ammonium acetate (adjusted to pH 3.5 with formic acid) and acetonitrile. The retention times were 2.83, 2.78, 1.55, 1.99, and 2.50 min for amitriptyline, nortriptyline, *(E)‐*10‐OH‐amitriptyline, *(E)‐*10‐OH‐nortriptyline, and doxepine, respectively. The mass transitions of amitriptyline, nortriptyline, *(E)‐*10‐OH‐amitriptyline, *(E)‐*10‐OH‐nortriptyline, and doxepin were detected by multiple reaction monitoring (MRM) at m/z 278.4→91.0, m/z 264.2→91.0, m/z 294.3→276.3, m/z 280.2→231.1, and m/z 280.3→107.1, respectively. The lower limit of quantification (LLOQ) was 0.5 ng/mL for amitriptyline, nortriptyline, and *(E)‐*10‐OH‐amitriptyline and 0.1 ng/mL for *(E)‐*10‐OH‐nortriptyline.

Pharmacodynamic measurements {#cts12451-sec-0120}
----------------------------

Anticholinergic effects (dry mouth and drowsiness ratings) were evaluated at 0 (predose), 1, 2, 3, 4, 6, 8, 12, 24, 48, 72, and 96 h and heart effects (supine and vertical blood pressure and pulse rate) were measured at 0 (predose), 1, 2, 4, 6, 8, 12, and 24 h after amitriptyline administration. A visual analog scale (VAS) rating assessment was performed as described previously.[40](#cts12451-bib-0040){ref-type="ref"}, [48](#cts12451-bib-0048){ref-type="ref"} The subjects rated their dry mouth sensation on a 100 mm VAS (0 = normally moist; 100 = extremely dry) at the designated timepoints. The subjects rated their subjective assessments of drowsiness using a 100 mm VAS (0 = extremely alert; 100 = extremely drowsy). Subjects who fell asleep during the designated timepoint were given the maximal score of 100 for that period.

Supine blood pressure and pulse rate were measured after the subjects had laid on the bed for more than 1 min and vertical blood pressure and pulse rate were obtained when the subject changed their position to standing. The subjects were instructed not to change their position abruptly to avoid any other side effects, such as dizziness. Both anticholinergic effects and blood pressure and pulse rate were measured 2 days prior to drug administration on a matched timepoint basis (0, 1, 2, 4, 6, 8, 12, and 24 h for --2 days) to obtain a baseline profile.

Safety evaluation {#cts12451-sec-0130}
-----------------

Safety assessments were performed for all the subjects who were given the drug during the study. The assessments included self‐reporting or adverse event monitoring, medical checkups, vital signs, 12‐lead EKG, and laboratory parameters. The serious side effects and the reported adverse events were evaluated based on the associations with the drug treatment.

Statistics {#cts12451-sec-0140}
----------

Pharmacokinetic and pharmacodynamic parameters were analyzed using descriptive statistical analysis and the results are presented as the mean ± SD. Analysis of variance (ANOVA) and Kruskal--Wallis tests were performed to compare the *P*‐value of each group. For the statistical test, a *P*‐value ≤ 0.05 was considered significant.

Pharmacokinetic evaluation {#cts12451-sec-0150}
--------------------------

Pharmacokinetics was assessed for all of 24 subjects whose samples had been collected up to 72 h. Major pharmacokinetic parameters were obtained by noncompartmental analysis using Phoenix WinNonlin (v. 6.1, Pharsight, Mountain View, CA). AUC, C~max~, T~max~, T~1/2~, CL, and Vz were determined for amitriptyline, nortriptyline, *(E)‐*10‐OH‐amitriptyline, and *(E)‐*10‐OH‐nortriptyline. The ratios of the AUC of the metabolites to the parent drug (nortriptyline to amitriptyline and hydroxyl metabolites to their respective parent drugs) were also calculated for each genotype group.

Pharmacodynamic evaluation {#cts12451-sec-0160}
--------------------------

A pharmacodynamic evaluation was performed for all of 24 subjects whose data were obtained up to at least 8 h after drug treatment. VAS scores for dry mouth and sedation were reported as mean scores at each timepoint for each genotype group from day --1 to 96 h. Supine/vertical blood pressure and pulse rate were assessed from day --1 to 24 h. Pulse rate was reported as the difference at each timepoint from the baseline value on the day --1 so that the interday variability could be considered. The area under the pulse rate difference vs. time curve was calculated using Phoenix WinNonlin software to compare the data between groups.

RESULTS {#cts12451-sec-0170}
=======

Demographics {#cts12451-sec-0180}
------------

A total of 24 out of 53 healthy volunteers who underwent laboratory screening for genotyping were enrolled in this clinical trial. The demographics and genotype characteristics of the subjects are shown in **Table** [2](#cts12451-tbl-0002){ref-type="table-wrap"}. The mean age was 25 years and the mean height was 175.2 cm with a mean body weight of 72.2 kg.

###### 

Demographics and genotype characteristics of the subjects included in this study

  Characteristics       Group I                              Group II                             Group III       Group IV
  ----------------- --------------- ---------------------------------------------------------- --------------- ---------------
  *n*                      6                                    6                                     6               6
  Age (yrs)          25.83 ± 3.43                           24.17±4.96                          25.33 ± 2.50    24.67 ± 4.84
  Height (cm)        175.35 ± 4.71                        175.55 ± 6.05                         177.65 ± 6.76   172.33 ± 4.73
  Body weight(kg)    72.16 ± 6.22                          69.03 ± 7.65                         76.98 ± 8.23    70.07 ± 5.62
  BMI (kg/m^2^)      23.47 ± 1.78                          22.36 ± 1.60                         24.38 ± 2.13    23.62 ± 2.06
  Genotype                                                                                                     
  *CYP2D6* (n)        \*1/\*1 (6)                          \*1/\*10 (4)                         \*10/\*10 (6)    \*1/\*1 (1)
                                     \*1/\*10 (1)[†](#cts12451-tbl2-note-0002){ref-type="fn"}                   \*1/\*10 (2)
                                     \*1/\*5 (1)[†](#cts12451-tbl2-note-0002){ref-type="fn"}                     \*1/\*5 (1)
                                                                                                                \*10/\*10 (1)
                                                                                                                \*5/\*10 (1)
  *CYP2C19* (*n*)     \*1/\*1 (1)                          \*1/\*1 (3)                           \*1/\*1 (4)     \*2/\*2 (4)
                      \*1/\*2 (4)                          \*1/\*2 (3)                           \*1/\*2 (1)     \*2/\*3 (1)
                      \*1/\*3 (1)                                                                \*1/\*3 (1)     \*3/\*3 (1)

Age, height, body weight, and BMI are expressed as mean ± standard deviation.

^†^Indicates gene duplication.

John Wiley & Sons, Ltd.

Genotypes {#cts12451-sec-0190}
---------

The genotyping of 53 volunteers who provided informed consent was performed and the results are summarized in **Supplementary Table 1**. The *CYP2D6\*5, \*10* and *CYP2C19\*2* and *\*3* alleles were assessed in our study, because they are frequently found in the Korean population. The *CYP2C19\*17* was also assessed to allow us to exclude subjects carrying this increased function allele.

There were 12 subjects with two functional *CYP2D6* alleles *(\*1/\*1*), 17 subjects with only one functional allele *(\*1/\*5, \*1/\*10*), and 24 subjects who did not carry a normal function allele *(\*5/\*10, \*10/\*10*). The gene duplication was found in two subjects in Group II. The plasma concentrations of analytes in those subjects were not different from subjects without duplication in this group. Also, there were 24 subjects with two functional *CYP2C19* alleles *(\*1/\*1*), 23 subjects with only one functional allele *(\*1/\*2, \*1/\*3*), and six subjects who did not carry a normal function allele *(\*2/\*2, \*2/\*3, \*3/\*3*). There was no subject with *CYP2C19\*17* allele identified.

Pharmacokinetics {#cts12451-sec-0200}
----------------

Pharmacokinetics for amitriptyline, nortriptyline, *(E)‐*10‐OH‐amitriptyline, and *(E)‐*10‐OH‐nortriptyline were evaluated on the plasma samples from 24 subjects by noncompartmental analysis. Four compounds showed monoexponential decay and the half‐lives of amitriptyline and nortriptyline ranged between 24.5--32.3 h and 31.5--67.8 h, respectively. The terminal volume of distribution of amitriptyline ranged between 2,381.4--3,958.4 L and clearance ranged between 51.5--97.5 L/h (**Table** [3](#cts12451-tbl-0003){ref-type="table-wrap"}).

###### 

Pharmacokinetics of amitriptyline, nortriptyline, (*E*)‐10‐OH‐amitriptyline, (*E*)‐10‐OH‐nortriptyline after a single oral administration of amitriptyline, 25 mg

                                                           Genotype group                                                                                
  -------------------------------------------------------- ---------------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- -------
  *Amitriptyline*                                                                                                                                        
  AUC~last~ (ng•h/mL)                                      265.60           27.4       250.21     19.0       288.96     24.9       477.54     34.9        0.015
  C~max~ (ng/mL)                                           15.57            51.0       14.28      54.2       15.02      54.3       22.06      27.2        0.125
  T~max~ (h)[†](#cts12451-tbl3-note-0004){ref-type="fn"}   3.5              1.5∼6.0    4.0        1.5∼6.0    3.5        2.1∼6.0    3.0        1.5∼6.0     0.872
  CL (L/h)                                                 93.08            26.5       97.53      19.8       84.39      24.0       51.50      32.9        0.011
  V~z~ (L)                                                 3,958.44         45.1       3,356.18   23.3       3,488.93   23.4       2,381.43   39.3        0.132
  t~1/2β~ (h)                                              29.83            42.3       24.52      27.8       29.05      16.1       32.27      18.5        0.193
  *Nortriptyline*                                                                                                                                        
  AUC~last~ (ng•h/mL)                                      171.16           28.7       207.56     26.3       323.36     40.8       127.51     31.6        0.007
  C~max~ (ng/mL)                                           3.92             32.0       4.74       43.4       5.43       40.5       2.13       14.9        0.005
  T~max~ (h)[†](#cts12451-tbl3-note-0004){ref-type="fn"}   8.98             3.0∼12.1   6.0        6.0∼12.0   12.0       2.1∼24.0   9.0        5.0∼24.0    0.527
  t~1/2β~ (h)                                              31.85            31.7       31.46      32.0       63.01      67.8       58.46      39.6        0.046
  *(E)‐10‐OH‐amitriptyline*                                                                                                                              
  AUC~last~ (ng•h/mL)                                      85.83            27.3       63.66      11.3       34.06      46.2       112.20     46.7        0.004
  C~max~ (ng/mL)                                           6.17^a^          50.6       4.74^ab^   39.8       2.56^b^    57.1       5.4        67.5        0.082
  T~max~ (h)[†](#cts12451-tbl3-note-0004){ref-type="fn"}   3.5              1.5∼6.0    3.0        1.5∼4.0    3.0        2.1∼4.0    1.5        1.5∼8.0     0.705
  t~1/2β~ (h)                                              24.35            49.7       25.30      45.3       15.34      54.7       31.68      22.6        0.061
  *(E)‐10‐OH‐nortriptyline*                                                                                                                              
  AUC~last~ (ng•h/mL)                                      273.64           30.61      276.16     37.43      232.41     55.34      157.07     60.86       0.123
  C~max~ (ng/mL)                                           6.91             32.93      6.17       40.88      3.83       54.07      2.76       71.02       0.021
  T~max~ (h)[†](#cts12451-tbl3-note-0004){ref-type="fn"}   6.98             5.0∼1.0    7.93       6.0∼12.0   11.01      7.9∼48.0   11.00      6.0∼23.9    0.062
  t~1/2β~ (h)                                              25.39            17.99      33.21      45.95      53.88      47.78      38.98      33.56       0.071

AUC~last~, area under the curve to the last measurable concentration; C~max~, maximum concentration; T~max~, time to maximum concentration; CL, apparent clearance, calculated using dose and AUC~0∞∞~; V~z~, volume of distribution based on terminal elimination phase; t~1/2β,~ terminal elimination half‐life.

Mean, arithmetic mean; CV, coefficient of variation = (standard deviation / mean) × 100 (%).

\**P*‐values were calculated by the Kruskal--Wallis test.

^†^Median and range.

John Wiley & Sons, Ltd.

In Group IV, which consisted of *CYP2C19* with two nonfunctional variants *(\*2/\*2, \*2/\*3 or \*3/\*3*), the AUC~last~ of amitriptyline was higher than the other groups (477.54 ng\*h/mL in Group IV vs. 250.21‐288.96 ng\*h/mL in other groups, *P* = 0.015) (**Table** [3](#cts12451-tbl-0003){ref-type="table-wrap"}). The C~max~ of amitriptyline was higher in Group IV but the difference was not significant (22.06 ng/mL in Group IV vs. 14.28‐15.57 ng/mL in the other groups, *P* = 0.125). Also, the AUC~last~ of nortriptyline was significantly lower in Group IV (*P* = 0.007). The mean plasma concentration of amitriptyline was highest in Group IV and nortriptyline was lowest in the same group (**Figure** [2](#cts12451-fig-0002){ref-type="fig"}). In the absorption phase of both amitriptyline and nortriptyline, double peaks were observed in the plasma concentration vs. time curve and this was likely caused by enterohepatic recirculation as reported in a previous study.[23](#cts12451-bib-0023){ref-type="ref"}

![Plasma concentration--time curves for each genotype groups after a single oral administration of amitriptyline, 25 mg. Data are expressed as mean ± SD (each group, *n* = 6).](CTS-10-93-g002){#cts12451-fig-0002}

Distinct correlations between biotransformation from amitriptyline to nortriptyline and *CYP2C19* genotypes were demonstrated in the subanalysis of the *CYP2C19* allele variants. The ratio of AUC (nortriptyline/amitriptyline) was 1.17 in the two functional alleles group, while it was 0.74 in the one functional allele group, and 0.29 in the two nonfunctional alleles group. The correlation between hydroxylation of amitriptyline or nortriptyline into their hydroxyl metabolites and *CYP2D6* genotypes were assessed by subanalysis of the *CYP2D6* genotypes. The ratio of AUC ((*E*)‐10‐OH‐amitriptyline/amitriptyline) was 0.27 in the two functional alleles group, while it was 0.20 in the one functional allele group, and 0.09 in the two decreased functional alleles group. The ratio of AUC ((*E*)‐10‐OH‐nortriptyline/nortriptyline) was 1.90 in the two functional alleles group, while it was 1.38 in the one functional allele group, and 0.69 in the two nonfunctional alleles group (**Table** [4](#cts12451-tbl-0004){ref-type="table-wrap"}).

###### 

AUC and C~max~ ratio stratified by *CYP2C19* and *CYP2D6* genotypes after a single oral administration of amitriptyline, 25 mg

  *CYP2C19* genotypes                                                                                                                                                                                                               
  ------------------------------------------------ -------------------------------------------------- ------- -------------------------------------------------- ------- -------------------------------------------------- ------- --------
  AUC~last~ ratio (nortriptyline /amitriptyline)    1.17[a](#cts12451-tbl4-note-0001){ref-type="fn"}   34.35   0.74[a](#cts12451-tbl4-note-0001){ref-type="fn"}   26.02   0.29[b](#cts12451-tbl4-note-0001){ref-type="fn"}   17.56   0.0003
  C~max~ ratio (nortriptyline /amitriptyline)       0.40[a](#cts12451-tbl4-note-0001){ref-type="fn"}   32.26   0.31[a](#cts12451-tbl4-note-0001){ref-type="fn"}   21.48   0.11[b](#cts12451-tbl4-note-0001){ref-type="fn"}   17.66   0.001

  *CYP2D6* genotypes                                                                                                                                                                                                                      
  ----------------------------------------------------- -------------------------------------------------- ------- --------------------------------------------------- ------- -------------------------------------------------- ------- -------
  AUC~last~ ratio (10‐OH‐amitriptyline/amitriptyline)    0.27[a](#cts12451-tbl4-note-0001){ref-type="fn"}   41.49   0.20[a](#cts12451-tbl4-note-0001){ref-type="fn"}    20.35   0.09[b](#cts12451-tbl4-note-0001){ref-type="fn"}   63.12   0.002
  C~max~ ratio (10‐OH‐amitriptyline/amitriptyline)       0.34[a](#cts12451-tbl4-note-0001){ref-type="fn"}   44.91   0.23[ab](#cts12451-tbl4-note-0001){ref-type="fn"}   23.29   0.12[b](#cts12451-tbl4-note-0001){ref-type="fn"}   75.93   0.007
  AUC~last~ ratio (10‐OH‐nortriptyline/nortriptyline)    1.90[a](#cts12451-tbl4-note-0001){ref-type="fn"}   43.22   1.42[ab](#cts12451-tbl4-note-0001){ref-type="fn"}   23.95   0.70[b](#cts12451-tbl4-note-0001){ref-type="fn"}   67.30   0.007
  C~max~ ratio (10‐OH‐nortriptyline/nortriptyline)       2.05[a](#cts12451-tbl4-note-0001){ref-type="fn"}   40.24   1.38[ab](#cts12451-tbl4-note-0001){ref-type="fn"}   28.72   0.69[b](#cts12451-tbl4-note-0001){ref-type="fn"}   62.48   0.004

^a,b^Values designated by the same letter are not significantly different by *post‐hoc* analysis using Dunn\'s multiple comparison test.

V*, CYP2D6\*10, CYP2D6\*5*; W, the *CYP2D6* genotypes other than *CYP2D6\*10* and *CYP2D6\*5*.

V, *CYP2C19\*2, CYP2C19\*3;* W, the *CYP2C19* genotypes other *than CYP2C19\*2* and *CYP2C19\*3*.

AUC~last~, area under the curve to the last measurable concentration.

AUC and C~max~ ratios after molar conversion of the concentration unit.

CV, coefficient of variation = (standard deviation / mean) × 100 (%).

\**P*‐values were calculated using Kruskal--Wallis test.

John Wiley & Sons, Ltd.

Pharmacodynamics {#cts12451-sec-0210}
----------------

The VAS ratings for dry mouth were noticeably increased up to 6 h after drug treatment and rapidly recovered within 12 h to return to the baseline level (**Supplementary Figure 1**). There was no difference between groups. Drowsiness appeared to increase after drug treatment but it was not significant compared with baseline. Blood pressure in the supine or vertical position did not change regardless of drug treatment. However, there was a tendency toward increased pulse rate after drug treatment and this increase was more remarkable when subjects were standing. The area under the pulse rate difference vs. time curve did not show a significant difference between groups. The time to maximum effect was slightly different in anticholinergic effects (6 h) and orthostatic effects (7--10 h). In all, there were no significant differences between the genotype groups for dry mouth, drowsiness, blood pressure, or pulse rate.

Safety {#cts12451-sec-0220}
------

Among the enrolled 24 subjects who were given the drug, eight adverse events were reported from individuals. Only four adverse events (one for dry eyes, two for headaches, and one for head heaviness) were regarded as relevant to the test drug. All the reported events were mild and fully recovered. No serious adverse event was observed.

DISCUSSION {#cts12451-sec-0230}
==========

The genotyping results in our study showed that 18 out of 53 were *CYP2D6\*10* heterozygotes and 20 were *CYP2D6\*10* homozygotes. This gave an allele frequency of 56.3% *CYP2D6\*10*, which was in a similar or a slightly higher range than previous reports of Korean populations.[24](#cts12451-bib-0024){ref-type="ref"}, [25](#cts12451-bib-0025){ref-type="ref"}, [26](#cts12451-bib-0026){ref-type="ref"}, [27](#cts12451-bib-0027){ref-type="ref"}, [28](#cts12451-bib-0028){ref-type="ref"}, [29](#cts12451-bib-0029){ref-type="ref"} Meanwhile, seven subjects had *CYP2D6* with the nonfunctional allele *\*5* heterozygote (three with *\*1/\*5*, four with *\*10/\*5*) and no *\*5* homozygote was found, which gave an allele frequency of 6.6%. This result is similar to previous studies.[17](#cts12451-bib-0017){ref-type="ref"}, [27](#cts12451-bib-0027){ref-type="ref"}, [29](#cts12451-bib-0029){ref-type="ref"} The high frequency of *CYP2D6\*10* in East Asians compared with Caucasians causes a lower metabolic clearance of *CYP2D6* substrate drugs.[17](#cts12451-bib-0017){ref-type="ref"}, [30](#cts12451-bib-0030){ref-type="ref"} The functional alleles of *CYP2D6* are dominant in European Caucasians, with a frequency of 71%, but only up to 50% of the functional alleles were reported in Asians.[16](#cts12451-bib-0016){ref-type="ref"} In our study, other decreased and nonfunctional *CYP2D6* variants other than \*5 and \*10 were not tested, which might remain as a limitation in this study with regard to genotype accuracy. *CYP2C19\*2* and *\*3* were found at a frequency of 23.6% and 9.4%, respectively, which conforms with other studies.[6](#cts12451-bib-0006){ref-type="ref"}, [31](#cts12451-bib-0031){ref-type="ref"} There was no *CYP2C19\*17* allele found in our study.

The results of this study showed that the hydroxylation of amitriptyline or nortriptyline into their 10‐hydroxy metabolites was substantially affected by *CYP2D6* genotypes. The metabolic ratio of amitriptyline to *(E)‐*10‐OH‐amitriptyline was significantly different between *CYP2D6* genotype subgroups (0.27, 0.20, and 0.09 in the groups with two, one, and no functional allele, respectively; *P* = 0.002). The same tendency in the metabolic ratio of nortriptyline was shown in the *CYP2D6* genotype subgroups (1.90 vs. 1.42 vs. 0.70, for groups with two, one, and no functional alleles, respectively; *P* = 0.007). Some other studies reported a similar association between *CYP2D6* allele variety and hydroxylation of nortriptyline.[32](#cts12451-bib-0032){ref-type="ref"}, [33](#cts12451-bib-0033){ref-type="ref"}, [34](#cts12451-bib-0034){ref-type="ref"}

Some researchers suggest that *CYP2D6* enzyme activity can be graded as an activity score by summing the allele activity value for two haplotype alleles. Using this approach, the activity scores of *CYP2D6* diplotypes with *\*1/\*1, \*1/\*10*, and *\*10/\*10* have activity scores of 2.0, 1.5, and 1.0, respectively, and all of them are classified as extensive metabolizers.[6](#cts12451-bib-0006){ref-type="ref"} In our study, the metabolic ratio of amitriptyline into (*E*)‐10‐OH‐amitriptyline in *CYP2D6\*10/\*10* was significantly lower compared with those in *CYP2D6\*1/\*1 or \*1/\*10* (∼0.09 vs. 0.27 or 0.20, respectively), while the difference between *CYP2D6\*1/\*1* and *\*1/\*10* was not significant. This result demonstrated that the enzyme activity of *CYP2D6*\**10/\*10* was different from those of *CYP2D6\*1/\*1* or *\*1/\*10*. Therefore, we suggest that *CYP2D6\*10/\*10* subjects, who comprise about a quarter of the population (based on a *\*10* allele frequency of 50%), not be grouped with *CYP2D6\*1/\*1* and *\*1/\*10* subjects. Some studies reported similar results on other drugs, showing the reduced activities of *CYP2D6\**10/*[\*10]{.ul}* compared with *CYP2D6\*1/\*10* or *\*1/\*1*.[17](#cts12451-bib-0017){ref-type="ref"}, [34](#cts12451-bib-0034){ref-type="ref"}, [35](#cts12451-bib-0035){ref-type="ref"}, [36](#cts12451-bib-0036){ref-type="ref"}, [37](#cts12451-bib-0037){ref-type="ref"}, [38](#cts12451-bib-0038){ref-type="ref"}

Our result also clearly demonstrated that *N*‐demethylation of amitriptyline into nortriptyline was affected by *CYP2C19* genotypes. The metabolic ratio of amitriptyline to nortriptyline was significantly different between *CYP2C19* allele groups (1.17, 0.74, and 0.29 in the groups with two, one, and no functional allele, respectively; *P* = 0.0003). But due to the small number of the subjects in each group, we could not draw definitive conclusions of pharmacokinetic differences between various allele combinations of *CYP2D6* and *CYP2C19*.

By considering the polymorphic effect of both *CYP2D6* and *CYP2C19* on the pharmacokinetics of amitriptyline, the extent of the systemic exposure of amitriptyline was shown to be highest in the *CYP2C19* PMs, regardless of *CYP2D6* allele variants, and there was no difference between *CYP2D6* allele groups. This result indicated that the *CYP2C19*‐mediated demethylation pathway was more dominant than the hydroxylation pathway mediated by *CYP2D6* for overall metabolism of amitriptyline in the studied genotypes. Mellstrom *et al*. reported that the amitriptyline demethylation rate was 1,750--9,230 pmol per mg of protein, while the corresponding rate for the hydroxylation was 305--871 pmol per mg of protein at a high concentration of substrate (100 μM) from adult human livers.[4](#cts12451-bib-0004){ref-type="ref"} In another *in vitro* study comparing cDNA expressed *CYP1A2, 3A4, 2C19, 2D6*, and *2E1*, *CYP2C19* showed the highest reaction capacity with regard to the metabolism of amitriptyline.[39](#cts12451-bib-0039){ref-type="ref"}

Earlier studies reported that there were associations between dry mouth anticholinergic effects and plasma concentration of amitriptyline or nortriptyline.[40](#cts12451-bib-0040){ref-type="ref"}, [41](#cts12451-bib-0041){ref-type="ref"}, [42](#cts12451-bib-0042){ref-type="ref"} In the study by Steimer *et al*., the mean concentration of plasma amitriptyline was 92.65 ng/mL, where 150 mg of amitriptyline was administered in 50 depressive disorder patients and a lower risk of side effects was reported in patients with two functional *CYP2D6* alleles combined with only one functional *CYP2C19* allele.[42](#cts12451-bib-0042){ref-type="ref"} Gupta *et al*. reported an association between plasma amitriptyline concentration and anticholinergic effects but not with plasma nortriptyline concentration, in a comparison of a single 75‐mg osmotic controlled release tablet (OROS) or three 25‐mg immediate‐release (IR) tablets every 8 h or three doses of 25 mg IR tablet at night.[40](#cts12451-bib-0040){ref-type="ref"} Kin *et al*. reported that patients administered 75 mg of nortriptyline for up to 7 weeks showed anticholinergic side effects associated with higher plasma nortriptyline levels, which ranged between 82--133 ng/Ml.[41](#cts12451-bib-0041){ref-type="ref"} However, we found no pharmacodynamic differences between groups, although there were differences in plasma amitriptyline or nortriptyline levels between groups. This might be explained partially by the low drug dose we used in this study. The maximum concentration of plasma amitriptyline and nortriptyline ranged between 14.28--22.06 ng/mL and 1.13--3.92 ng/mL, respectively, which were very low compared with the above‐mentioned studies that reported correlations between plasma concentrations and pharmacodynamic effects. It seemed that an oral single dose of 25 mg of amitriptyline might not have been sufficient to evaluate the anticholinergic side effects in our genotype stratified study. Nevertheless, it still remains a limitation of our study. VAS scores for dry mouth and drowsiness were maxima up to 6 h after the drug uptake and recovered to baseline within 12 h. Considering that the time to maximum concentration (T~max~) of amitriptyline and nortriptyline was ∼3.5 h and 8 h (as mean of all groups), respectively, it was plausible that the anticholinergic effect was caused more likely by amitriptyline than by nortriptyline. This implication was comparable with a previous study that reported the correlations of nortriptyline concentrations (not amitriptyline) with side effects (DOTES scale) in depressed patients.[42](#cts12451-bib-0042){ref-type="ref"}

We found that the plasma concentration of *(E)‐*10‐OH‐nortriptyline was higher than those of its parent drug in all groups except in the *CYP2D6* with no functional allele. This is in agreement with the results of other studies that reported similar or higher plasma concentrations of the hydroxyl metabolite of nortriptyline than the parent drug itself.[7](#cts12451-bib-0007){ref-type="ref"}, [32](#cts12451-bib-0032){ref-type="ref"}, [41](#cts12451-bib-0041){ref-type="ref"} We surmise that this observation was caused by a higher fraction of hydroxyl metabolites into the central fluid rather than into the tissue compared with their parent drugs due to its increased hydrophilicity afforded by the hydroxyl moiety.

CONCLUSION {#cts12451-sec-0240}
==========

The effect of polymorphisms of two major metabolizing enzymes, *CYP2D6* and *CYP2C19*, on the pharmacokinetics and pharmacodynamics of amitriptyline was studied with a focus on the major variations in the Korean population. The pharmacokinetic parameters were dependent on the genotypes of both *CYP2C19* and *CYP2D6*. The extent of demethylation of amitriptyline into nortriptyline, which was mediated by *CYP2C19*, decreased significantly in *CYP2C19* PMs. The extent of hydroxylation of amitriptyline or nortriptyline into its hydroxyl metabolites, which were mediated by *CYP2D6*, was significantly decreased in subjects with a *CYP2D6\*10/\*10* genotype. The dominant metabolic pathway of amitriptyline seemed to be *CYP2C19*‐mediated *N*‐demethylation rather than *CYP2D6*‐mediated hydroxylation, and the highest systemic exposure of amitriptyline was shown in the *CYP2C19* nonfunctional allele group regardless of *CYP2D6* variants. However, we could not relate the gene variations of *CYP2C19* and *CYP2D6* to the pharmacodynamic effect. Nevertheless, the findings of this study will provide useful information on individualized drug treatment with amitriptyline, considering both *CYP2D6* and *CYP2C19* gene variations.
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